Spodoptera frugiperda larvae are highly resistant to oral infection by Autographa californica multiple nucleopolyhedrovirus (AcMNPV) (LD 50 ,~9200 occlusions), but extremely susceptible to budded virus within the haemocoel (LD 50 , <1 p.f.u.). The inability of AcMNPV occlusion-derived virus (ODV) to establish primary infections readily within midgut cells accounts for a major proportion of oral resistance. To determine whether inappropriate binding of AcMNPV ODV to S. frugiperda midgut cells contributes to lack of oral infectivity, the binding and fusion properties of AcMNPV ODV were compared with those of the ODV of a new isolate of Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) obtained from a field-collected larva (oral LD 50 , 12 occlusions). By using a fluorescence-dequenching assay conducted in vivo, it was found that AcMNPV ODV bound to the midgut epithelia of S. frugiperda larvae at~15 % of the level of SfMNPV ODV, but that, once bound, the efficiencies of fusion for the two ODVs were similar: 60 % for AcMNPV and 53 % for SfMNPV. Whilst the difference in binding efficiencies was significant, it could not account entirely for the observed differences in infectivity. Competition experiments, however, revealed that, in S. frugiperda larvae, SfMNPV ODV bound to a midgut cell receptor that was not bound by AcMNPV ODV, indicating that ODV interaction with a specific receptor(s) was necessary for productive infection of midgut columnar epithelial cells. Fusion in the absence of this ligand-receptor interaction did not result in productive infections.
INTRODUCTION
Spodoptera frugiperda (the fall armyworm) is distributed widely in the tropical and subtropical regions of the Americas (Andrews, 1980 (Andrews, , 1988 Sparks, 1979) and has been recognized as a major crop pest in the Americas since 1594 (Ashley et al., 1989) . In the United States alone, feeding damage by S. frugiperda larvae can result in annual crop losses of millions of dollars (Wiseman et al., 1983) . Baculoviruses offer a promising alternative to chemical pesticides for control of such agricultural pests, because these pathogens can kill lepidopteran larvae and are restricted to arthropod hosts. Autographa californica multiple nucleopolyhedrovirus (AcMNPV), the type species of the genus Nucleopolyhedrovirus in the family Baculoviridae, has a relatively broad host range and can mortally infect the larvae of several pest species (Granados & Williams, 1986) . The process leading to infection begins when a susceptible larva consumes AcMNPV viral occlusions. These occlusions dissolve upon contact with the alkaline digestive fluids in the larval midgut lumen, releasing occlusion-derived virus (ODV) that has the sole responsibility of initiating primary infection (Granados & Lawler, 1981) . Evidence suggests that infection begins when the ODV envelope binds and fuses with the apical brush-border membrane of a columnar midgut cell (Kawanishi et al., 1972) . If the ODV generates a productive infection within the midgut, a second viral phenotype, budded virus (BV), buds from the basal-lateral plasma membrane (Engelhard et al., 1994; Keddie et al., 1989; Washburn et al., 1995) . Within the haemocoel, the immediate secondary cellular targets of BV generated from midgut cells are adjacent tracheolar cells (Engelhard et al., 1994) . These respiratory cells breach the midgut basal lamina with long cytoplasmic filaments that are in intimate association with the midgut cells that they service. Successful infection of tracheolar cells is critical because ODV-infected midgut cells are subject to being sloughed and, if sloughing occurs prior to BV transmission, systemic infections are not established and the host survives (Washburn et al., , 2003a . Moreover, in several permissive hosts (e.g. Spodoptera exigua, Trichoplusia ni and Heliothis virescens), BV infection of a single tracheolar cell is sufficient to generate an irreversible, fatal infection, highlighting the importance of midgut cell sloughing as a major defence against fatal infection (Washburn et al., 1995 (Washburn et al., , 2003a Zhang et al., 2004) . It is not surprising, then, that the need to minimize the time required for orally initiated infections to reach tracheal cells may have been the selective force for the evolution of the unique M ODV (multiple nucleocapsids per virion) phenotypic trait (Washburn et al., 2003a, b) . Tracheolar cells are the gateway to systemic infection, providing BV with a pathway for breaching the basal lamina barrier bordering the host's midgut (Engelhard et al., 1994; Keddie et al., 1989; Washburn et al., 1995) . In productive infections, tracheolar cells generate BV that spreads infection along tracheal trunks and enters the haemolymph, where it infects haemocytes. Within the haemolymph of permissive hosts, titres reach 10 8 -10 10 p.f.u. ml
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, facilitating the establishment of distal foci of infection within tracheolar cells servicing other host tissues, which subsequently become infected (Engelhard et al., 1994; Keddie et al., 1989; Washburn et al., 1995) . Ultimately, almost all of the host's cells become infected and the insect dies, liquefies and releases millions of occlusions.
Whilst AcMNPV has a taxonomically broad host range, susceptibility varies significantly among species. Some species, such as S. frugiperda, are so resistant to oral infection that they cannot be controlled effectively in the field, even though they exhibit no systemic resistance to AcMNPV when budded virus is introduced intrahaemocoelically (IH) (Haas-Stapleton et al., 2003) . Pathogenesis studies using an AcMNPV recombinant carrying the lacZ reporter gene have shown that the inability of AcMNPV ODV to infect midgut cells is a significant barrier to oral infection of S. frugiperda (Haas-Stapleton et al., 2003) . We therefore postulated that this midgut barrier may be due to the lack of specific AcMNPV ODV binding and/or fusion with S. frugiperda midgut columnar cells. To test this hypothesis, we used an in vivo fluorescencedequenching assay (Haas-Stapleton et al., 2004) to compare the ODV binding and fusion properties of AcMNPV with those of the homologous virus Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV). SfMNPV has a very narrow host range that includes only three Spodoptera species, all of which are highly susceptible to mortal infection (Adams & McClintock, 1991; Hamm & Styer, 1985) .
In bioassays, we found that all of the SfMNPV isolates that were provided to us by colleagues exhibited extremely low oral infectivity; therefore, we cloned and characterized a highly virulent strain of SfMNPV (SfMNPV-UC2) from an S. frugiperda cadaver collected in Louisiana, USA. Compared to the ODV of SfMNPV-UC2, AcMNPV ODV binding to the midgut of S. frugiperda was both quantitatively and qualitatively different, which could account for the vastly different oral infectivities. . Larvae were reared in groups on a semi-synthetic diet (Stoneville) at 28 uC under constant illumination until the beginning of the penultimate instar; under these rearing conditions, S. frugiperda had six instars, whereas the remaining species had five. All test larvae were inoculated with a plastic tuberculin (1 cc) or a Hamilton glass syringe (250 ml) fitted with a 32-gauge needle mounted onto a microapplicator (Burkhard). Newly moulted penultimate-instar larvae (hereafter designated 4u or 5u) were inoculated orally with ODV or occlusions by carefully inserting a blunt-tipped needle through the mouth and into the lumen of the anterior region of the midgut, where the viral suspension was discharged. Feeding penultimate-instar larvae were injected IH with BV by inserting a sharp-tipped needle through the planta of one of the prolegs and delivering 1?0 ml virus suspension directly into the haemocoel. Following inoculation, all test larvae were placed into individual 25 ml plastic cups, provided with excess Stoneville diet and incubated at 28 uC until death or pupation. Death from polyhedrosis disease was confirmed by microscopic examination (4006) of larval tissues for occlusions.
METHODS
SfMNPV cloning and purification. Because the SfMNPV isolates provided to us by other laboratories lacked oral infectivity in S. frugiperda larvae, Dr James Fuxa kindly provided us with baculovirus-killed S. frugiperda cadavers that were field-collected in Louisiana, USA. To maintain oral infectivity, an SfMNPV isolate was cloned from these cadavers by using in vivo techniques. Briefly, occlusions from the field-collected cadavers were partially purified by sucrose-density centrifugation (Summers & Smith, 1987) , suspended in sterile ddH 2 O and then diluted serially in a neutrally buoyant solution of sterile glycerin and water (3 : 2, v/v) (Washburn et al., 1995) . Cohorts of 32 5u S. frugiperda larvae were inoculated orally with 1 ml of each dilution and from the cohort that generated <10 % mortality, we selected one virus-killed cadaver for the second round of cloning. Occlusions from this cadaver were diluted serially, the bioassay scheme was repeated, and a single cadaver was again selected from a cohort with <LD 10 . This cadaver was used to lace diet that was then fed to 5u S. frugiperda larvae. Five days later, individual larvae were bled, and their haemocytes were examined for viral occlusions by using light microscopy (4006). We removed the haemolymph from one infected larva, pelleted the haemocytes by centrifugation and collected the supernatant containing the BV by following the methods of Trudeau et al. (2001) . The BV stock was then diluted serially in Grace's medium containing 1 % fetal bovine serum (FBS) and 0?1 % 1-phenyl-2-thiourea. Cohorts of 32 feeding, fifth-instar S. frugiperda were IH-injected with each serial dilution and a single cadaver from the dilution that generated <10 % mortality was again used to lace diet. This IH-cloning process was repeated two additional times, resulting in a putative isolate of SfMNPV (designated SfMNPV-UC2).
In order to determine whether SfMNPV-UC2 was actually a cloned isolate of SfMNPV, genomic DNA was isolated from gradientpurified ODV and subjected to cleavage by four different restriction enzymes (EcoRI, HindIII, PstI and SacI) by using standard molecular biological techniques (Sambrook & Russell, 2001 ). The cleaved fragments were electrophoresed in a 0?7 % agarose gel and the DNA-cleavage patterns were compared to those of DNA isolated IP: 54.70.40.11
On: Mon, 10 Dec 2018 23:23:50 from a known strain of SfMNPV (SfMNPV-LA) and AcMNPV-hsp70/ lacZ. For further confirmation that our isolate was SfMNPV, we also conducted limited host-range studies.
Viruses and virus preparation. SfMNPV-UC2, SfMNPV-LA (provided by Bruce Hammock, University of California, Davis, CA, USA) and the AcMNPV recombinant virus AcMNPV-hsp70/lacZ were used in this study. AcMNPV-hsp70/lacZ contains all of the genes found in the wild-type virus, plus the b-galactosidase reporter gene driven by the Drosophila hsp70 promoter. This AcMNPV recombinant has wild-type virulence in vivo (Engelhard et al., 1994) .
Occlusions of SfMNPV and AcMNPV-hsp70/lacZ were isolated from virus-killed cadavers of S. frugiperda and T. ni, respectively, and partially purified as described above. Occlusion populations were quantified by using a haemocytometer and maintained at 4 uC until use. For some experiments, ODV was isolated by using methods described previously (Volkman et al., 1976) with the following modifications. The ODV pellets were resuspended in minimal volumes of PBS (137 mM NaCl, 2?7 mM KCl, 10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , pH 7?4), the total volumes were measured and samples were removed to determine the protein concentrations by using the BCA protein assay (Pierce). Subsequently, 1 % FBS was added for stabilization and the ODV suspensions were aliquotted into microfuge tubes for storage at 280 uC until use. AcMNPV-hsp70/lacZ BV was harvested from the medium of infected Sf-9 cultured insect cells 3 days post-infection and titres were determined by immunoplaque assay using Sf-9 cells (Volkman & Goldsmith, 1982) . SfMNPV-UC2 BV was generated by orally inoculating 5u S. frugiperda with SfMNPV-UC2 occlusions. After incubation for 6 days at 28 uC, eight larvae were bled into ice-cold Grace's culture medium containing 10 % FBS. BV was harvested and diluted serially as described above and quantified by immunoplaque assay on Sf-9 cells (Volkman & Goldsmith, 1982) .
R18 labelling. For binding/fusion assays, ODV was labelled with the self-quenching fluorescent probe octadecyl rhodamine B chloride (R18; Molecular Probes) as described by Nussbaum & Loyter (1987) , with the following modification. Unbound R18 was eliminated by dialysis using a 10K MWCO dialysis cassette (Pierce) in 1?5 l PBS for 12-16 h at 4 uC in the dark (Haas-Stapleton et al., 2004) . Under these conditions, R18 was inserted into the viral envelope at self-quenching levels. We confirmed that all residual unbound R18 was eliminated from the ODV R preparations as described previously (Haas-Stapleton et al., 2004) . For each ODV preparation, a sample was removed to determine fluorescence (mg ODV R protein) 21 , i.e. specific fluorescence (Haas-Stapleton et al., 2004) . Among preparations, this value ranged between 1?6610 6 and 3?8610 6 fluorescence units (mg ODV R protein) 21 , but for all experiments with paired viruses (e.g. AcMNPV-hsp70lacZ vs SfMNPV-UC2), the specific fluorescence values of both ODVs were equivalent (data not shown). All ODV R stocks were diluted to~1?5 mg ml 21 in PBS with 1 % FBS and stored at 4 uC until use. Mock-labelled ODV was prepared similarly, but in the absence of R18 probe.
Quantification of ODV R binding and fusion to the midgut.
For binding and fusion assays, 4u or 5u larvae were inoculated orally with 2 ml ODV R or PBS and incubated at 28 uC in the dark without food. After 1 h, the midgut from each larva was removed and the midgut epithelium was separated from the basal lamina and stored at 280 uC in separation buffer as described previously (HaasStapleton et al., 2004) . Subsequently, the amount of ODV R bound and fused was quantified by using a Fluorolog-3 fluorescence spectrophotometer (Instruments S.A.) (EX 560/EM 583) (HaasStapleton et al., 2004) . To compare binding and fusion of AcMNPV-hsp70/lacZ and SfMNPV-UC2 ODV, 3 mg ODV R was inoculated orally into 5u S. frugiperda and 4u H. virescens (n=21-47 larvae per treatment). For competition experiments, 5u S. frugiperda larvae were inoculated orally with 2 mg SfMNPV-UC2 ODV R , with or without unlabelled ODV competitor (i.e. AcMNPV-hsp70/lacZ or SfMNPV-UC2). All results were analysed by ANOVA and a Fisher's protected least significant difference test was used to discriminate significant differences among means (STATVIEW version 5.0.1).
RESULTS
In order to assess the quality of AcMNPV's interaction with S. frugiperda midgut cells, we needed to obtain a baculovirus that was relatively efficient in establishing midgut infections for comparison purposes. Initially, we acquired SfMNPV isolates from various investigators around the world to serve as this positive control, but subsequent bioassays indicated that all of these cloned viruses required thousands of occlusions to initiate infection, indicating that these isolates had lost, or had never had, the ability to initiate efficient oral infections. For this reason, we set out to isolate our own clone of SfMNPV by methods that would preserve oral infectivity.
In vivo cloning of SfMNPV-UC2
To determine whether SfMNPV-UC2 was a new isolate of SfMNPV and also to evaluate its purity, genomic DNA was extracted from gradient-purified ODVs of SfMNPV-UC2, SfMNPV-LA and AcMNPV-hsp70/lacZ. The extracted DNAs were digested with the restriction enzymes EcoRI, HindIII, PstI and SacI and subjected to agarose-gel electrophoresis. The digest patterns from SfMNPV-UC2 and SfMNPV-LA were very similar to each other (and to published profiles of SfMNPV DNA; Maruniak et al., 1984) , but distinct from those of AcMNPV-hsp70/lacZ (Fig. 1) . The most striking differences among the SfMNPV strains were revealed in the SacI digest, in which the SfMNPV-LA strain produced an extra band of~7 kbp (arrow, Fig. 1 ). In addition, a submolar band of~7?5 kbp (barely visible) was evident in the SacI digests of SfMNPV-LA, suggesting that this isolate was not pure. In contrast, no submolar bands were detected in digests of the UC2 strain, indicating that this strain was pure (Fig. 1) . The similarity in the digest pattern of SfMNPV-UC2 to that of the other SfMNPVs provided strong empirical evidence that the new isolate was a strain of SfMNPV.
Host range and virulence of SfMNPV
Host-range studies were conducted in order to confirm the identity of SfMNPV-UC2 as a bona fide isolate of SfMNPV. Results of oral bioassays showed that SfMNPV-UC2 occlusions were highly virulent in 5 u S. frugiperda and 4 u S. exigua (LD 50 , 12 and 13 occlusions, respectively), but not in H. virescens (LD 50 , 2?1610 8 occlusions) (Fig. 2a) . In contrast to SfMNPV-UC2, six different SfMNPV isolates obtained from other investigators proved to be defective in oral bioassays in 5 u S. frugiperda (data not shown), e.g. 3100 occlusions of SfMNPV-LA yielded an LD 19 . Bioassays wherein freshly isolated SfMNPV-UC2 BV was IH-injected into feeding penultimate-instar S. frugiperda and S. exigua revealed that these species were also highly susceptible intrahaemocoelically (LD 50 , 0?36 and 0?03 p.f.u., respectively), whereas penultimate-instar larvae of T. ni, H. zea and H. virescens were all highly resistant (Fig. 2b) . Additionally, whilst SfMNPV-UC2-killed S. frugiperda and S. exigua larvae liquefied upon death, virus-killed H. virescens and H. zea larvae did not. These results are consistent with the published host range of SfMNPV and, combined with the results of the restriction-enzyme digests of the viral DNA above, confirmed the identity of UC2 as a strain of SfMNPV.
ODV R binding and fusion
Having identified SfMNPV-UC2 as an authentic strain of SfMNPV with high oral infectivity in S. frugiperda larvae, we prepared SfMNPV-UC2 ODV R to serve as a positive control for comparison with AcMNPV-hsp70/lacZ ODV R in binding and fusion experiments conducted in S. frugiperda larvae. The amount of ODV R bound and fused was quantified in several paired tests, using 5u S. frugiperda inoculated orally with 3 mg ODV R of either virus (Fig. 3) . Because results from these replicated experiments were not significantly different, the data were pooled for the final analyses to provide sample sizes of between 20 and 47 larvae per treatment. The collective results showed that AcMNPV-hsp70/lacZ ODV R bound to the midgut of S. frugiperda larvae at 15 % of the level achieved by SfMNPV-UC2 ODV R , but that, once bound, the fusion efficiencies for the two ODVs were similar: 60 % for AcMNPV-hsp70/ lacZ and 53 % for SfMNPV-UC2 (Fig. 3) .
Because the sevenfold difference between AcMNPV and SfMNPV binding and fusion levels could not explain the 767-fold difference in ability to establish mortal infection orally, we conducted competition experiments to determine whether there were qualitative differences in binding. Oral co-inoculation of SfMNPV-UC2 ODV R along with either a 27-or a 51-fold excess of unlabelled SfMNPV-UC2 ODV reduced binding of the ODV R by 38 and 68 %, respectively, showing a progressive increase in competitive binding for receptors in common (Fig. 4) . In comparison, co-inoculation of a 16-fold excess of AcMNPV-hsp70/lacZ ODV reduced SfMNPV-UC2 ODV R binding by 18 %, and co-inoculation of a 36-fold excess did not reduce SfMNPV-UC2 ODV R binding any further (Fig. 4) . The fact that AcMNPV ODV did not compete progressively with SfMNPV-UC2 ODV R binding suggests that SfMNPV-UC2 ODV bound to a specific cellular receptor or receptor domain on midgut cells of S. frugiperda that was not bound by AcMNPV-hsp70/lacZ ODV. Such a qualitative difference in binding was consistent with the hypothesis that the extremely low oral infectivity of AcMNPV in S. frugiperda is due to the lack of its ODV to bind to an appropriate receptor(s) on the membrane surface of primary cellular targets.
DISCUSSION
SfMNPV-UC2 was isolated from a field-collected S. frugiperda cadaver expressly for use in these experiments, because none of six SfMNPV isolates obtained from various colleagues possessed wild-type oral virulence in vivo. Whilst we do not know the specific history of these SfMNPV isolates, presumably all were cloned and amplified in cell culture. It has been well-documented that serial passage of baculoviruses in cell culture can lead to deleterious changes in their genome (Kumar & Miller, 1987; McLachlin et al., 2001) . Of specific relevance to this study, Hamm & Styer (1985) noted that passage and cloning of SfMNPV in cell culture reduced and, in some cases, abolished, oral infectivity in larvae. We cloned SfMNPV-UC2 in vivo, therefore, under a selection regime that facilitated maintenance of oral virulence. Molecular characterization of SfMNPV-UC2 revealed restriction endonuclease-digestion profiles similar to those of other SfMNPV isolates (Escribano et al., 1999; Maruniak et al., 1984) and identical to those of SfMNPV-US, also collected in Louisiana, USA (Escribano et al., 1999) . The absence of any submolar bands in our SfMNPV-UC2 genomic DNA-restriction profiles indicated that the isolate was a clone, and results of our limited host-range studies were consistent with those reported for SfMNPV, in that only Spodoptera species were susceptible (Adams & McClintock, 1991; Hamm & Styer, 1985) . Results from a previous investigation of AcMNPV pathogenesis in fifth-instar S. frugiperda larvae demonstrated that, whilst BV is highly infectious in the haemocoel, ODV infects midgut cells with extremely low efficiency (Haas-Stapleton et al., 2003) . To define the nature of the midgut barrier to oral infection by AcMNPV, we compared the ODVs of SfMNPV-UC2 and AcMNPV-hsp70/lacZ in the initial steps of primary infection (binding and fusion with target midgut cells) by using a fluorescence-dequenching assay. Our results indicated that SfMNPV ODV bound to a midgut cell receptor(s) that was not recognized by AcMNPV ODV and that this specificity of binding of SfMNPV ODV with S. frugiperda midgut cells may play an important role in oral infection. It is interesting to note that, once the ODVs of SfMNPV and AcMNPV had bound to midgut cells, the fusion efficiencies were similar. This result indicated that the specificity of viral binding was not a requirement for fusion, and that fusion, per se, was not sufficient to insure productive infection.
The virulence phenotype of having very low oral ODV infectivity and high intrahaemocoelic BV infectivity describes both wild-type AcMNPV in S. frugiperda and a p74-deficient mutant of AcMNPV in larvae of both T. ni and H. virescens (Faulkner et al., 1997; Haas-Stapleton et al., 2004) . When the binding and fusion properties of the p74 mutant and wild-type ODVs to midgut epithelial cells in H. virescens were compared, the mutant bound at one-third of the level of the wild-type. However, in that system, as in this one, there was also a significant qualitative difference in binding. The ODV of the p74 mutant could not compete with parental ODV for midgut receptor-binding sites (HaasStapleton et al., 2004) . Together, the results of both of these studies suggest that specificity of binding can play an important role in ODV infection of midgut cells.
